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With a combined molecular dynamics simulation and first-principles calculations, we have investigated a metal
surface immersed in aqueous solution at room temperature using a Pt(111) electrode as an example. With the
inclusion of thermal average effects at room temperature, the calculated averaged work function is found to
be in good agreement with the experimental measurements. The electron redistribution at the interface of the
topmost Pt(111) slab layer and the first water layer plays an important role in controlling the work function. A
broad distribution of calculated work functions caused by the thermal motions of the dipolar solvents is obtained
from statistical sampling, which implies that the chemical reactivity of a metal electrode in aqueous solution is a
dynamic property at least in the nanoscale. Such a microscopic understanding helps to understand the behavior
of complex electrochemical double layers.
DOI: 10.1103/PhysRevB.86.045450 PACS number(s): 82.45.−h, 73.30.+y
I. INTRODUCTION
One of the most important ingredients in electrochemistry
is probably the interaction between solvents and metal elec-
trodes. Such an interaction can greatly affect the reactivity of
electrodes, which in turn controls chemical reactions under
electrochemical environments. Although previous theoretical
studies showed that the local electric field was the essential
reason for the reaction activity,1,2 another important factor
related to the electrode activity is the work function (WF),
which represents the absolute energy of the Fermi level and is
directly related to the electrode potential.3,4 It is known that
the WF of an electrode can be significantly changed when it
is immersed in solvents,5 which highlights the importance of
the interaction between solvents and metal electrodes.
Often the WF is considered to be a parameter with a well-
defined single value even for electrochemical experiments
under room temperature. For interfacial systems, the WF could
in principle be influenced by the surface dipole.6–8 Under
room temperature, a strong fluctuation of surface dipoles
could occur, which should consequently lead to a statistical
distribution of the WF. Of course, if it is a narrow distribution,
the use of a single value for the WF is still justified. However,
if the distribution is rather broad, the actual reactivity of an
electrode becomes a relevant issue that needs to be carefully
addressed.
Recently, first-principles calculations were carried out for
WFs as well as potentials of electrodes using models based on
constant chemical potential,9 charged interfaces,3,10 counter
ions,11 the thermodynamics method,12 explicitly shifting
Fermi energies,13,14 and the diffuse layer in electrical double
layers (EDLs).15,16 Nevertheless, all of these existing first-
principles theoretical methods are limited to situations at 0 K,
and thus they cannot provide any useful information about
the statistics of the WF. Apparently, the optimized structure
under 0 K is not in accordance with the reality under room
temperature. For instance, two optimized structures for bilayer
water molecules adsorbed on platinum (Pt) (111) surfaces
under 0 K have been found by previous studies.17,18 In one
of the structures, labeled as “H-up”, the unbounded H atoms
point up into the vacuum, whereas the other structure, labeled
as “H-down”, shows that the uncoordinated H atoms point
down toward the Pt(111) surface. However, the calculated WF
drops for the bilayer water adsorbed on the Pt(111) surface with
the “H-up” and “H-down” configurations are 2.34 and 0.22 eV,
respectively,19 which are both far away from the experimental
measurements of 1.2 eV.20,21 Recent study showed that the
situation is not much improved even when taking dispersive
interactions into account.22 It is noted that such a discrepancy
has also been found for other metal surfaces.18,22,23 On the
other hand, it was suggested from ab initio molecular dynamics
(MD) simulation that the agreement between theory and
experiment could be improved significantly when thermal
motion is taken into account.19,24
In the present study, we combined classical MD simulations
and first-principles calculations to directly compute the WF
of a widely used electrode, Pt(111), in water solvent at
room temperature. This method can bridge the gap between
optimized structures under 0 K and the realistic structures
under room temperature. The application of classical MD
simulations allows us to take into account the possible
temperature effects on the fluctuation of water dipoles, while
density functional theory (DFT) calculations for a considerable
number of conformations taken out from trajectories of MD
simulations can provide accurate values for the WF. Obviously,
the more sophisticated approach could be first-principles MD
simulations. However, at present that approach can only be
used on a short time scale and a very small supercell with
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FIG. 1. (Color online) Average atomic density along the z axis
ρz for oxygen and hydrogen in water molecules obtained from MD
simulations with SPC and TIP3P/Fw force fields. The inset shows a
typical configuration of a supercell from the MD trajectory.
several problems induced by the artificial mirror interaction
between two nearest supercells.19,25
II. COMPUTATIONAL APPROACH
In the current work, our simulations were divided into
three steps. First, we optimized the lattice constant for Pt
at the generalized gradient approximation (GGA) level with
the Perdew-Burke-Ernzerhof (PBE)26 functional by the VASP
code.27 The optimized lattice constant for Pt is 3.976 Å, which
is in good agreement with the experimental value of 3.924 Å.28
The second step is classical MD simulations. Using the
calculated lattice constant from the first step, we considered
a system consisting of the Pt(111) electrode and water
molecules. In this model, a supercell containing 72 water
molecules was added on top of three layers of p(5 × 5)
Pt(111) surfaces. Although the dissociation of water as well
as the hydrogen adsorbed on the Pt(111) surface has received
considerable interest,29–31 previous studies showed that the
undissociated structures were more stable.18,32,33 As a result,
this model has the capacity to simulate a Pt(111) electrode
in extremely dilute solutions. The total length for the z axis
of the supercell was set to be 50 Å, ensuring that there was
enough vacuum space on top of the water molecules (see Fig. 1
for details). Since periodic boundary conditions (PBC) were
adopted for all dimensions, the vacuum which separates the
water and electrode bottom was necessary to compare MD
simulations to realistic experiments. The vacuum space also
guaranteed that the WFs could be calculated unambiguously
in the next step. The large surface area of the chosen supercell
is comparable with the one used in the previous study,34 which
ensures that the lateral artificial mirror interactions from water
molecules in the simulations will be avoided. Moreover, the
size of the current system in the x-y plane was beyond 14 Å,
twice as large as the spatial extent of the density-density
correlation length for liquid water, i.e., within 7 Å or less,
reported by previous studies.35 Such a large supercell could
partially exclude the artifact of PBC since it could be divided
into smaller subsystems whose scales were less than the
density correlation length.
The total potential Utot in our MD simulations is expressed
as36
Utot = Uw + UPt + Uw/Pt, (1)
where Uw, UPt, and Uw/Pt are the potential energies of the water
molecules, the Pt(111) surface, and the interaction between
water molecules and the Pt(111) surface, respectively. The

















where rij is the distance between particles. The first term
in Eq. (2) is the Lennard-Jones potential between water
molecules. In this study, the Lennard-Jones parameters ε and
σ have been chosen from two different force fields for water
molecules, namely SPC and TIP3P/Fw, respectively.37,38 The
latter term in Eq. (2) is the electrostatic interactions, which
were calculated by the Ewald sum.39 The atomic charges, i.e.,
q in Eq. (2), of water were also obtained from both force fields.
The intramolecular potentials in Uw were neglected since bond
lengths and angles of water molecules were constrained as the
optimized geometries of force fields by the SHAKE algorithm.40
The Pt-Pt interaction in the Pt(111) surface is represented by
the density-dependent Sutton-Chen potential.41 This N -body


























Here rij represents the distance between two metallic atoms,
εpp is the energy parameter, σpp is the lattice constant, c is a
dimensionless parameter, and n and m are the positive integers
with the relation of n > m. All metallic atoms were neutral
in our MD simulations since the charge transfer between
water molecules and the Pt(111) surface was negligible
compared with the high valance electron density. During MD
simulations, the positions of two bottom layers of the Pt slab
were fixed to mimic the bulk electrode.
The cross interaction of Pt and water in Eq. (1) was
calculated by the Lennard-Jones potential, i.e., the form of
the first term in Eq. (2). The cross parameters were calculated
by Lorentz-Berthelot mixing rules as39
εij = √εiεj , σij = σi + σj
2
. (5)
The effective Lennard-Jones parameters σ and ε for Pt,
which are used in Eq. (5), were chosen as 2.41 Å and
4.645 kcal mol−1, respectively.43 Our test calculations for the
optimized structure of a single water molecule adsorbed on
the Pt(111) surface show that the water molecule is nearly
flat on the surface and the distance between the O atom
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and the surface is around 2.59 Å for both water force fields.
This result is consistent with the previous DFT calculations,
which give the same near flat geometry and a distance of
2.40 Å.33 The discrepancy of O positions between MD and
DFT is 0.2 Å, which is less than that in the adsorbed bilayer
water molecules (0.3 and 0.6 Å for “H-down” and “H-up”
configurations, respectively).18,44 This result reveals that the
many-body nature of the water-metal interaction19 has been
partially recovered by the effective Lennard-Jones parameters,
and the structure from our MD simulations is quite reliable.
The effective Lennard-Jones method was also widely used in
previous simulations for other Pt interfaces.45,46
Canonical ensemble conditions (NV T ) were used in
classical MD simulations with the Nosé-Hoover thermostat
with a relaxation constant 0.5 ps under 298 K.47 The leapfrog
integration algorithm with a time step of 0.2 fs was used for
the equation of motion. The cutoff radius was set to 6 Å in
MD simulations. After reaching equilibrium, an extra 100 ps
MD simulations were performed to generate trajectories for
the next step. All MD simulations were carried out using the
DL_POLY code.36
The last step in our simulations was property calculations
at the first-principles level. From 100 ps MD trajectories in
the second step, 300 conformations have been evenly selected
in the last 60 ps and used for DFT calculations with the PBE
functional.26 The projector augmented-wave (PAW) method
was used for core electrons,48,49 and the wave functions were
expanded in a plane-wave basis set with an energy cutoff
of 400 eV. The PAW potential was generated with scalar
relativistic corrections taken into account. For the k-point
sampling, a 3 × 3 × 1 mesh of the Monkhorst-Pack (MP)
grid was used, which generated 5 k points in the irreducible
Brillouin zone (IBZ) for the Brillouin zone integration.50 The
dipole correction was also employed along the z axis in the
DFT calculations.6,7 Our test calculations showed that the cal-
culated WFs for both sides from a model consisting of
three-slab Pt(111) layers with the bottom two layers fixed
are in excellent agreement with the experimental value. This
is a nice indication that the effects of the relaxation in current
simulations are quite small on the work function and can be
safely neglected. All electronic structure calculations were
performed using the VASP code.27
The standard deviation σ used in this article is the root





(WFi − 〈WF〉)2, (6)
where WFi is the individual calculated work function, 〈WF〉
is the averaged calculated work function, and N is the number
of work functions.
III. RESULTS AND DISCUSSION
The average densities within the x-y plane (metal surface)
along the z axis, i.e., ρz, of the oxygen and hydrogen of water
molecules from MD simulations with two force fields are
depicted in Fig. 1. It shows that both force fields give almost
identical results. From the ρz distributions, we find that there
is almost no water density in the range of z > 22 Å, which
implies that the water molecules are rarely evaporated into
the vacuum during our simulations. It is also found that the
density of the oxygen in the outer layer is the same as the
density of bulk water at 298 K, showing that the number of
water molecules used in the simulations is sufficient.
From Fig. 1, it can be seen that the first peaks, representing
both oxygen and hydrogen in the first layer, are very sharp
and appear at the same position. This demonstrates that water
molecules of the first layer form a nearly planar structure; see
the inset in Fig. 1. This finding is consistent with previous
experimental observations which showed a flat ice structure
of a water monolayer adsorbed on the Pt(111) surface.32,52
It is also noticeable that the starting position of ρz(H) is
actually closer to the Pt surface than that of ρz(O). This
indicates that some OH bonds point to the Pt surface. The
ratio between the number of such OH bonds and the total
number of water molecules in the first layer is around 16%,
which is, as expected, lower than what was found at very low
temperature32,52 due to the thermal fluctuation of the water
molecules and the effect of the multilayer water. This is also
in accordance with previous DFT calculations, which showed
that the “H-down” configuration is slightly more stable than the
“H-up” configuration.18,32,33 We should emphasize that, due to
thermal motion, the exact organized “H-down” and “H-up”
configurations cannot be observed under room temperature.
Overall, the MD simulations can provide a reliable structure
for the property calculations at the first-principles level.
From the reliable MD configuration, the WFs of the Pt(111)
and water/Pt(111) systems can be obtained within the same
model by taking advantage of the PBC. The definition of the
work function is8
WF = Ev − Ef, (7)
where Ev is the planar averaged electrostatic potential energy
in vacuum at infinite distance and Ef is the energy of the Fermi
level. For the slab model, a typical electrostatic potential profile
for the water/Pt(111) slab is depicted in Fig. 2. Apparently, we
can obtain two Ev for one conformation due to the periodic
boundary condition. Thus, two WFs which correspond to the
water/Pt(111) interface by Ev1 and the pure Pt(111) surface by
Ev2 can be calculated simultaneously. The statistical results
of the calculated WFs of 300 evenly selected conformations


























FIG. 2. (Color online) Electrostatic potential profile averaged
within the x-y plane for the typical conformation from molecular
dynamics trajectories. The red dashed line represents the energy level
of the Fermi level. The background figure shows the structure in one
supercell of the corresponding conformation.
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TABLE I. Calculated maximum (Max.), minimum (Min.), and
averaged (Av.) work functions (in eV) for water/Pt(111) and Pt(111)
systems using different water force fields (F.F.), together with the
standard derivation σ .
Water/Pt(111) Pt(111)
F.F. Av. σ Max. Min. Av.a σ
SPC 4.26 0.56 6.00 2.69 5.61 0.01
TIP3P/Fw 4.30 0.57 5.71 2.86 5.61 0.01
aThe averaged experimental value for Pt(111) is 5.85 eV, extracted
from Ref. 53.
potential of water in Fig. 2 showed that the number of layers for
liquid water molecules is around four, which is larger than the
converged number of water layers, i.e., 2.5 monolayers, for
the WF drop observed in previous experiments under UHV
conditions.21 This shows at least that the number of water
layers is sufficient in the current simulations.
A length of 50 Å for the z axis was used in our simulations,
which provided a vacuum layer when the length exceeded
25 Å. The vacuum layer is large enough not only for avoiding
the interaction between the supercells but also for calculating
the WFs of the pure metal and water/Pt(111) surface (see the
electrostatic convergence in Fig. 2 for details). The calculated
averaged WF for the Pt(111) surface is around 5.61 eV with
a very small standard deviation51 (σ = 0.01 eV) and in good
agreement with the experimental result of 5.85 eV.53–55 The
tiny standard deviations of WFs for pure Pt(111) surfaces for
both force fields show that the calculated WFs of pure Pt(111)
surfaces are independent of the thermal motion of the water
molecules on the other side. This shows that the number of Pt
slab layers is sufficient. Compared to the calculated averaged
WFs for the pure Pt(111) surface, the averaged WF for the
water/Pt(111) interface is found to be lowered by 1.35 eV for
SPC water or 1.31 eV for TIP3P/Fw water, respectively.
In experiments, it is very difficult to directly measure
the WF for water/metal interfaces at room temperature. A
method to circumvent this problem is to measure the electrode
potential under the potential of zero charge (PZC) conditions.
Because we considered extremely dilute solutions in the
current simulations, the electrolyte effect has been neglected.
Therefore, our simulations are quite close to the PZC condi-
tions, although they were performed under constant electron
charge rather than constant electrode potential mode. Even
though extracting the electrode potential from the charged
system by first-principles calculations is still a controversial
issue, the relationship between the electrode potential and
the first-principles calculated WF from the neutral system is
unambiguous and can be expressed as3,4
U = φw − φSHE
e
, (8)
where U is the electrode potential relative to the standard
hydrogen electrode (SHE), φw is the WF of the investigated
systems, and φSHE is the WF of the SHE. For the sake of
consistency, we adopt 4.30 eV for φSHE, which was calculated
using the PBE functional.56 This number lies within other the-
oretical and experimental values from 4.28 to 4.80 eV.57–59 The
recent experimental observations for the PZC of the Pt(111)
electrode, i.e., U in Eq. (8), range from 0.27 to 0.37 V relative
to the SHE.53,60 In the current work, the experimental PZC is
chosen as the average of these results, which is 0.3 V relative to
the SHE. Hence from Eq. (8), we have the experimental WF of
the water/Pt(111) interface as 4.6 eV. As a result, the potential
drop between the water/Pt(111) interface and the pure Pt(111)
surface is around 1.2 eV at room temperature.53,60
Clearly, our calculated averaged WF drop of the wa-
ter/Pt(111) interface is highly consistent with the in situ
experimental value at room temperature.53,60 Moreover, the
calculated averaged WF drop is also in good agreement
with experimental observation of deuterated water dosed
onto Pt(111) in ex situ UHV conditions under relatively low
temperature, for which a value of 1.2 eV for the drop of WF
was detected.21 It is interesting to see that for a Pt(100) surface,
the change of the WF induced by the interfacial water is quite
similar, also around 1.2 eV.61,62 It is notable that a previous MD
study of the water/Pt(100) system with a point charge model
for the metal surface63 could only give a value of 0.7 eV to
account for the effect of interfacial water molecules on the WF
drop. Thus, our study certainly demonstrates that it is important
to consider the real atomic structure of the metal surface for
determining its WF. We also notice that previous theoretical
studies predicted that the WF drops of optimized bilayer
water/Pt(111) systems is 0.22 and 2.34 eV for “H-down” and
“H-up” configurations, respectively.19,22 These results are all
far from the experimental observations even under relatively
low temperature.20,21 As a result, the thermal average in the
current method is necessary when the theoretically predicted
WF is compared directly with experimental measurements.
This observation is a nice confirmation of the hypothesis
proposed in previous studies.19,24
Another interesting finding from our calculations is cer-
tainly the large standard derivation, around 0.56 eV, for the
WF of the water/Pt(111) system. To better illustrate this, we
have plotted out the corresponding statistical histograms from
two different force fields of water molecules in Fig. 3. It
can be seen that the choice of the force field affects slightly
the details of the statistics but not the general profile. The
histogram distributions of the WF in Fig. 3 are both near
normal distributions with a small low WF tail. The calculated
maximum value is about 0.25 eV smaller than the experimental
value of 4.6 eV, exactly the same as the difference found for
the pure Pt(111) surface, which can be considered to be the
systematic error of the DFT method used.
The obtained statistical distribution is quite broad. There
is a very high probability of finding the WF in the region of
3.5–5 eV. However, we should emphasize that due to the PBC
used in our simulations, this large distribution of the WF might
be smaller on a macroscopic Pt(111) surface, although the large
surface area in the current simulations can partially remove
this artifact. On the other hand, the averaged calculated WF
from thermal configurations is required to directly compare
the experimental measurements. However, we believe that
the calculated large distribution is true for the instantaneous
local WF (or surface dipole; see the following discussions for
details) on the Pt(111) surface at the nanoscale. One can at
least conclude that the chemical reactivity of Pt(111) in water
cannot be defined by a single number at the nanoscale. The
dynamics of the WF implies that at a certain moment, the
045450-4
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FIG. 3. (Color online) Statistic histogram for the calculated work
function of the water/Pt(111) system with different force fields of
water molecules at room temperature. The longer arrows indicate the
experimental work function as the average value of two results from
Refs. 53 and 60 for the water/Pt(111) interface. The shorter arrows
mark the averaged experimental work function extracted from Ref. 53
for the pure Pt(111) surface.
Pt(111) surface could be much more active/reactive than it
is normally anticipated. This finding might help us to better
understand why many reactions can occur much more easily
in the electrochemical environment. The local fluctuation of
the WF and the accompanying electrostatic potential should be
experienced by the ion in solution, which can affect the electron
transfer and redox reactions at the interface. More specifically,
the low WF should be beneficial to electrochemical reductions
while the high potential should benefit electrochemical oxida-
tions. Recently, the dynamic aspect of the chemical activity
of a metal electrode at the nanoscale was considered both
theoretically and experimentally.64,65
It is reasonable to assume that the fluctuation of the WF
in our simulations could be attributed to the changes of the
surface dipole moment along the z direction, i.e., μz, of the
system.6–8 In principle, the WF drop in crossing the surface
from the net surface dipole can be calculated as15
φ = − μz
ε0S
, (9)
where S is the surface area. Figure 4 shows the perfect
linear relationship between calculated dipole moments of the
whole system normalized by the surface area, i.e., Mz = μzS ,
and the calculated WFs, which indicates that the change of
the WF is equivalent to the change of the surface dipole.
As a result, we can use the surface dipole as a probe to
understand the calculated broad distribution of WFs. Usually,
the μz is composed of μz,pol, which originates from the charge





















FIG. 4. (Color online) Correlation between the z component of
the dipole moment of the whole system normalized by the area and
the calculated work function from different force fields of water.
redistribution caused by the adsorption, and μz,ori, which
originates from the orientations of water molecules.15
The μz,pol can be represented by the differential electron
density, ρ, between the total system and the individual Pt
and water systems. The ρ(r) is calculated as15
ρ(r) = ρtot(r) − ρPt(111)(r) − ρ(H2O)n (r), (10)
where ρtot(r) is the electron density in the water/Pt(111)
system, ρPt(111)(r) is the electron density in the pure Pt(111)
surface, and ρ(H2O)n (r) is the electron density in the water
molecules. The calculated averaged ρ within the x-y plane
for the systems of three very different WFs have given almost
identical profiles along the z direction, as shown in Fig. 5. The
electron redistributions reflect the fact that the charge transfer
−5 0 5 10 15 20
z (Å)
WF = 5.98 eV
WF = 4.32 eV


















FIG. 5. (Color online) Differential electron density between the
total system and subsystems of Pt and water molecules for three
conformations with different work functions. Here ρ is averaged
within the x-y plane. The arrow indicates the position of the oxygen
atoms in the first water layer.
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is concentrated at the interface between the topmost Pt(111)
slab layer and the first water layer. The largest ρ for the
inner Pt(111) layer is only around 10% of that for the topmost
Pt(111) layer, and the ρ of the two bottom layers converges.
This shows that our model reaches a constant electron density
change inside the slab and is thick enough to mimic the Pt(111)





since the nuclear charges are canceled out automatically.
Calculated work function drops originating from ρ in Fig. 5
by Eq. (9) are 0.94, 1.03, and 0.99 eV for the WF ranging from
highest to lowest, respectively. This implies that the change
of μz,pol has a negligible effect on the statistical behavior
of the WF. This observation is consistent with previous
theoretical calculations for water molecules on the Pt(111)
surface with different coverage under 0 K.15 However, it should
be mentioned that this density redistribution plays a major
role in the decrease of the calculated averaged WF drops of
Pt(111) in water solvent since the top layer of the Pt surface is
negatively charged. It is also noted that, in Fig. 5, the electron
density at the position of the oxygen in the first water layer
calculated from our explicit water molecule model is similar
to that from previous modified Poisson-Boltzmann theory.15
This result indicates that our multilayer water model has the
capability to describe the influence of electron redistribution
for the first water layer from continuum water molecules of
the diffuse layer in the EDL.
We also notice that the electron redistribution is much
smaller than the total electron density of the slab metal surface.
Herein, we define the electron density of Pt atoms in the
water/Pt(111) system, i.e., ρslabPt(111)(r), as
ρslabPt(111)(r) = ρtot(r) − ρ(H2O)n (r). (12)
The averaged ρslabPt(111)(r) within the x-y plane under a very
low instantaneous WF, i.e., 3.15 eV, is depicted in Fig. 6.
ρSlabPt(111)
ρPt(111)












FIG. 6. (Color online) Averaged electron densities of Pt(111) in
the water/Pt(111) (black solid line) and pure Pt(111) (red dotted line)
within the x-y plane under the low WF, i.e., 3.15 eV. The arrow
indicates the position of oxygen in the first water layer.





















FIG. 7. (Color online) Correlation between the z component of
the dipole moment of water molecules normalized by the area and
the calculated work function from different force fields of water.
Although there is some difference between ρslabPt(111) and ρPt(111),
the difference between ρslabPt(111) and ρPt(111) is submerged by the
huge electron density from the Pt(111) surface. The situations
for other WFs are similar and are not shown here. This tells
us that the electron decay from the Pt does not experience
a significant change while the electrode is immersed in the
water, and it is thus reasonable to set the metal atoms to be
neutral in the MD simulations.
The changes of μz,ori, or to say the orientation of the water
dipoles, should then be the major factor behind the fluctuation
of the WF. Indeed, a quasilinear relationship between water
dipole moments normalized by the surface area, i.e., Mz,w, and
the calculated WFs has been found for all conformations, as
demonstrated in Fig. 7. Here, the water dipole moments were
calculated from the force field. In general, we have found
that the more positive the dipole moment of the interfacial
water molecules is, the more negative the WF becomes. These
results are not only in good agreement with previous static
calculations at 0 K with different water coverages,15 but
they are also consistent with short-time first-principles MD
simulation of one bilayer water adsorbed on metal surfaces at
300 K.19
IV. CONCLUSIONS
In summary, we have employed a hybrid classical MD
and first-principles method to investigate metal electrodes
immersed in water solution at room temperature. In our
approach, evenly selected configurations from MD trajectories
were used for property calculations at the first-principles
level. As an example, the WF for a Pt(111) electrode in
water at room temperature has been obtained. The calculated
results show that the averaged calculated WFs are in good
agreement with experimental observations, which indicates
that the thermal averaged WF from theoretical prediction is
required to directly compare the experimental measurements.
We have found that the dominant contribution of the WF drop
between water/Pt(111) surfaces and pure Pt(111) surfaces is
charge redistribution between the interfaces of the first water
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and metal layer. The dynamics of the calculated WF has also
been investigated in the present work. The broad statistical
distribution observed for the WF of Pt(111) in water strongly
suggests that the chemical activity of a metal electrode should
not be judged by its static values, at least in the nanoscale.
The origin of such a broad distribution for the WF has been
attributed to the thermal motion of water molecules. The fact
that the thermal motion of dipolar molecules plays such an
important role in the WF of the metal (including specifically
adsorbed metal, such as hydrogen adsorbed on Pt electrodes)
clearly implies that similar situations could be expected for
metals in other solutions. Moreover, the dynamics might be
the key to understanding many abnormal properties at the
interface.66–68
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21I. Villegas and M. J. Weaver, J. Phys. Chem. 100, 19502 (1996).
22K. Tonigold and A. Groß, J. Comput. Chem. 33, 695 (2012).
23S. Meng, E. G. Wang, Ch. Frischkorn, M. Wolf, and S. Gao, Chem.
Phys. Lett. 402, 384 (2005).
24S. Schnur and A. Groß, Catal. Today 165, 129 (2011).
25O. Sugino, I. Hamada, M. Otani, Y. Morikawa, T. Ikeshoji, and
Y. Okamoto, Surf. Sci. 601, 5237 (2007).
26J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865
(1996).
27G. Kresse and J. Furthmüller, Phys. Rev. B 54, 11169 (1996).
28CRC Handbook of Chemistry and Physics, 87th ed., edited by
D. R. Lide (Taylor and Francis, Boca Raton, FL, 2007).
29A. P. Seitsonen, Y. Zhu, K. Bedurftig, and H. Over, J. Am. Chem.
Soc. 123, 7347 (2001).
30G. Held, C. Clay, S. D. Barrett, S. Haq, and A. Hodgson, J. Chem.
Phys. 123, 064711 (2005).
31A. Groß, Surf. Sci. 606, 690 (2012).
32H. Ogasawara, B. Brena, D. Nordlund, M. Nyberg,
A. Pelmenschikov, L. G. M. Pettersson, and A. Nilsson,
Phys. Rev. Lett. 89, 276102 (2002).
33S. Meng, E. G. Wang, and S. W. Gao, Phys. Rev. B 69, 195404
(2004).
34J. W. Halley, A. Mazzolo, Y. Zhou, and D. Price, J. Electroanal.
Chem. 450, 273 (1998).
35N. J. English and J. S. Tse, Phys. Rev. Lett. 106, 037801 (2011).
36W. Smith, C. W. Yong, and R. M. Rodger, Mol. Simul. 28, 385
(2002).
37H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, and
J. Hermans, Intermolecular Forces (Reidel, Dordrecht, 1981),
p. 331.
38Y. Wu, H. L. Tepper, and G. A. Voth, J. Chem. Phys. 124, 024503
(2006).
39M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids
(Clarendon, Oxford, 1989).
40J. P. Ryckaert, G. Ciccotti, and H. J. C. Berendsen, J. Comput. Phys.
23, 327 (1977).
41A. P. Sutton and J. Chen, Philos. Mag. Lett. 61, 139 (1990).
42F. Baletto and R. Ferrando, Rev. Mod. Phys. 77, 371 (2005).
43S. Y. Liem and K. Y. Chan, Mol. Phys. 86, 939 (1995).
44L. D. Site, L. M. Ghiringhelli, O. Andreussi, D. Donadio, and
M. Parrinello, J. Phys.: Condens. Matter 19, 242101 (2007).
45G.-W. Wu and K.-Y. Chan, Surf. Sci. 365, 38 (1996).
46E. J. Lamas and P. B. Balbuena, J. Phys. Chem. B 107, 11682
(2003).
47W. G. Hoover, Phys. Rev. A 31, 1695 (1985).
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